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Introduction
Non-crimp fabric (NCF) preforms are one of the most attractive reinforcements for composite materials due to their satisfactory mechanical properties and lower production costs with a wide range of application areas. Although the unidirectional prepreg tapes (UDPT) offer high specific strength and stiffness values they have limited shelf lives and their production costs are relatively higher including autoclave curing procedure. Woven fabrics, on the other hand, offer cheaper production methods but they suffer lower mechanical properties due to the crimp of the interleaved fibres. The NCF composites can overcome certain shortcomings of the UD prepregs and the woven fabrics. While vacuum infusion techniques with low to moderate initial investment cost are well suited for producing the NCF composite laminates, they also provide satisfactory mechanical performance due to less crimped fibres stitched together in order to form the fibre bundles [1] [2] [3] . Two well-known structural parts manufactured using the NCF textile reinforcements are the rear pressure bulk head of Airbus A-380 aircraft [4] and Visby Corvette of Swedish Naval Forces. Two major research projects, TECABS [5] and FALCOM [6] were also funded by the European Union given the impact of these material systems on the structural integrity of the contemporary engineering designs.
Drapier and Wisnom [7, 8] were carried out numerical researches based on a 2-D unit cell.
First one [7] was aimed to investigate the effect of the crimp on the laminate compressive properties. The FE results were showed that 0° fiber bundles are the weakest part of the laminates against the meso-buckling. The authors were concluded that the constraint provided by the 90° fiber bundles might improve the 0° fiber bundle's stability. The second one [8] was dealt with the inter-laminar shear behaviour. They were concluded that the shear strength is mostly dependent to the mechanical properties of the resin used. Edgren et al. [9] studied the damage progression in cross-ply NCF composites subjected to tensile load. The specimens were loaded until a pre-determined strain level. For the pre-determined strain level the cracks were observed only in 90° fiber bundles. These cracks were significantly affected Poisson's ratio. However, the longitudinal modulus was not affected because of the undamaged 0° bundles. Joffe et al. [10] carried out a numerical work considering the effect of the crimp angle on the compressive properties of a NCF composite. The results showed that the failure initiation strain is reducing with the increasing misalignment angle. They also examined the bundle constraint conditions and the support provided by the neighbouring layers to the imperfect bundle was independent from the orientation angle of the neighbouring layer.
Mattsson et al. [11] [12] developed a methodology to characterize the NCF composites with internal structure parameters such as crack types, bundle types, volume fraction calculations and etc. The methodology was based on the optical microscopy observations and was very useful for identification of the laminate quality. A meso-mechanical analysis of the NCF composite based Π-joint was carried out by Tserpes and Labeas [13] . A representative volume element (RVE) was introduced with the stitching threads for the homogenization procedure. Hashin criteria [14] was employed for progressive failure analysis and debonding at the interfaces was also included.
On the other hand, when a structural material system is developed, joining alternatives of the system to the metallic or other composite parts should be established and documented according to the in-service loading conditions of particular joints during the lifetime of the structure. Mechanically fastened, bonded and their hybrid combinations are basic joint configurations used in conventional composite structures. Despite the stress concentrations created around the fastener holes, mechanically fastened joints are preferred over the bonded joints mainly due to the simplified maintenance and repair requirements, cheaper installation costs and higher load transferring capacity.
In principal, composite materials give engineers a freedom to tailor the material system and the layer orientations in order to overcome the unique challenges of any structural design.
This benefit comes with a cost in terms of variable strength and failure modes especially for the mechanical joint applications. It brings the necessity of robust strength prediction methods that are applicable regardless of the material system and design variables.
Progressive damage modelling (PDM) is a popular strength and damage prediction method for the mechanically fastened joints in composite laminates due to its simplicity and relatively fewer mechanical test requirements for input data. PDM requires the elastic equivalent unidirectional material properties and the strength limits of the material system used. Two main components of a PDM are the damage initiation and material property degradation factors which are determined by the user based on several factors such as the material system used, joint configuration, joint geometry, etc.
The pre-requisite of any strength prediction method for providing a meaningful result is to input correct material elastic properties and strength data and the PDM is not an exception.
Therefore, these input parameters were determined experimentally for the glass fibre NCF composite material system. Another requirement for the PDM is to use damage initiation criteria for different damage modes such as matrix cracks and fibre breakage both in tension and compression peculiar to composite materials. Hashin criteria [14] and maximum stress criterion were used in order to evaluate their performances for the present material system.
Hashin and maximum stress criteria were chosen because of their popularity [15] [16] [17] and simplicity, respectively. Once the damage onset is predicted, PDM needs degradation factors in order to simulate the effect of the local damage modes on the global response of the structure. Although these factors could be determined by trial and error method for the current material system, they were taken from a previous study [16] due to the logic behind their determination including the physical material behaviour for different damage mechanisms.
Mechanical joints in both unidirectional glass and carbon fibre reinforced composite laminates have been studied extensively since the 1950s. However, new material systems such as the NCF composites may behave in a quite different manner based on their relatively complex fibre architecture. As seen from the previous studies, many researchers were [7] [8] [9] [10] [11] [12] focused on the NCF micro-structure which governing the mechanical behaviour. The primary aim of the present paper was to investigate the failure mechanism of bolted joints in glass fibre NCF composite plates and find out their differences in comparison to the well-known UDPT composite laminates. Following the experimental study, PDM was implemented to evaluate its capability on the strength and failure mode determination of the joints.
Experimental Programme

Material system and manufacturing
A quasi-unidirectional glass non-crimp fabric (Quasi-UD glass NCF) textile preform (Metyx L300E10C) was used as the reinforcement phase of the composite plates. This fabric is specifically called "quasi-unidirectional" instead of cross-ply and/or bi-axial fabrics in the literature [18] , since it contains both 0° and 90° fibres in the plane of the laminate. The fibre bundles are 1200 Tex and 68 Tex for 0° and 90° directions, respectively. The 68 Tex 90° bundles (stabilizing bundles) were randomly added in the fabric to achieve better stitching performance and stabilize the 0° bundles. The images of the quasi-UD NCF textile preform with its back and front faces are shown in Fig.1 . The details of the textile preform reinforcement including stitch properties are given in Table 1 [19].
Hexion L160 epoxy resin which can be cured at room temperature was used as matrix material with its specific hardener (Hexion H160). Mechanical data of the neat resin is given in Table 2 [20]. Vacuum assisted resin transfer moulding (VARTM) method was used for composite laminate manufacturing. Details of the manufacturing process are given in [21] .
After the liquid resin-hardener mixture was vacuumed into the 300mm × 300mm flat mould, the laminate was cured in a vacuum bag under -700mmHg pressure for 16-20 hours. The nominal thickness of an 8-layered composite laminate was 2.5mm (thickness of each ply in all specimens was equal to 0.3125 mm). The fibre volume fraction of fibre bundles in the laminates was nominally 45%.
Following the curing procedure, the bolt holes were drilled with carbide tipped drills and the bearing specimens were cut into standard sizes with a diamond saw. The fastener hole diameter (d) was equal to 6 mm. The e/d=3 and w/d=6 ratios were kept constant in all specimens. The clamping torque was selected as 3 Nm according to the related ASTM standard [22] . The geometry of a bearing test specimen is shown in the Fig. 2 .
The strengths and elastic properties of the material system, listed in Table 3 and 4 respectively, were obtained with series of coupon tests according to the related ASTM standards [23] [24] [25] . These values will be used as inputs in the PDM in Section 3.
Three cross-ply and three quasi-isotropic layups, as listed in Table 5 have been investigated. These layups were taken from our previous studies [26] [27] [28] , where the material system was HTS40/977-2 carbon fibre/toughened epoxy. Using the same laminate configurations provides an insight into the effect of material system on the mechanical behaviour of the bolted joints for different material systems.
Test results
The specimen preparation procedures and bearing tests were completed according to ASTM D5961 [22] . Tests were conducted at a constant crosshead speed of 2 mm/min with a Zwick testing machine and the loading stopped by software embedded into the testing machine when a 30% load drop was detected. After the tests, the specimens were inspected under the transparent light. Failure load of the specimens was taken as the maximum load sustained during the test. Failure load, bearing strength and failure modes are listed in Table 6 . The bearing strength values were calculated according to Eq.1:
where the P is the failure load obtained by the bearing tests, d and t are the hole diameter and the specimen thickness, respectively.
It is clear from the experimental data, the strength results of the cross-ply and quasi-isotropic layups are close to each except for the thinner C-1 layup. It was shown in previous studies [26] [27] [28] that the bearing strength of quasi-isotropic laminates in unidirectional carbon fibre reinforced plastic (CFRP) epoxy prepreg laminates was almost 50% higher than that of the cross-ply laminates for the same geometric parameters used in the present paper (e/d=3, w/d=6 and d=6 mm). On the other hand, in the cross-ply layups C-3 was remained as strongest and C-1 was remained weakest laminate as in CFRP laminates [26] [27] [28] . Likewise, Q-2 was resulted in highest bearing strength and Q-1 was the lowest in the quasi-isotropic layups.
Despite the bearing strength values in comparison to the CFRP laminates, similar failure modes were observed for the current material system; shear-out and bearing mixed mode for the cross-ply and bearing for the quasi-isotropic specimens. Net-tension failure of the whole laminate section was not observed as a result of the high w/d ratio. Shear-out mode was observed only in the cross-ply laminates due to intra-bundle matrix cracks of 0° layers and inter-laminar delamination between the consecutive 0° and 90° layers. The bearing failure mode was observed under the washer area and spread from the edge of the washer to a distance equal to a single bundle width in all layups. In addition, all the specimens with 90° layers at the outer surfaces (C-1, C-2, C-3 and Q-2) experienced surface bundle separation damage caused by the low strength resin rich areas between the neighbouring fibre bundles.
The damage modes observed in C-2 and Q-2 layups were compared for the HTS40/977-2 and current material system with the same geometric parameters. The X-ray images of the carbon UDPT [26] and photographs of the quasi-UD glass NCF/epoxy under transparent light were shown in Figs. 3 and 4.
Representative failure modes are shown in Fig. 5 on an image of a tested C-3 specimen. The e) The bundle separation due to the cracking of the resin rich areas between neighbouring fibre bundles.
The cleavage was not observed in any bundle because of the stitching thread which kept the fibres together. The delamination from neighbouring layer and separation of the adjacent bundles in the same layer were occurred at the bundle level.
3 Progressive Failure Analysis (PFA)
Finite element modelling
Ansys R14.5 finite element software [29] was implemented for modelling of the bolted joints.
SOLID185 elements were used with the reduced integration and full integration formulations for the composite laminate and the bolt/washer assembly, respectively.
In the FE modelling minimizing the data storage space and solution time are as important as obtaining the consistent results. In order to reduce computational time and data storage, a 50 mm long part of the specimens within the machine grips was not modelled and a mid-plane symmetry condition at the laminate mid-plane was applied to the FE model. One element perlayer approach was used for the composite laminate model. The adjacent layers were assumed to be perfectly bonded and the delamination was neglected between them.
Experimentally determined equivalent linear elastic orthotropic material properties, see Section 2.1, were assigned to the each layer of composite laminate with the fibre orientation of the individual layer. The 0° layer was assigned to be coincident with the loading direction.
The bolt/washer assembly were modelled as steel deformable bodies with material properties of E=210 GPa and ν=0.3. Two contact pairs were specified in the bolted joint model. First pair was between washer and laminate, and the second pair was between bolt shank and hole inner wall. All contact surfaces had friction coefficient of 0.2 [30] . 3-D surface-to-surface contact elements, TARGE170 for metal surfaces and CONTA174 for composite surfaces were used at the contact surfaces with flexible-to-flexible option. It was assumed that the washer and laminate surfaces will always keep in contact to each other along the through-thethickness direction due to the applied clamping torque. According to this assumption; NO SEPARATION (slide free) option was defined for the contact area between washer and laminate. The contact between hole inner walls and the bolt shank was standard as defined by the contact wizard.
Three specific regions were determined for the mesh structure as shown in Fig.6 (i) . Region A where the initial damage was occurred under the washer area, had element size equal to the thickness of a layer (aspect ratio=1). Region B where the damage propagation was observed had the aspect ratio of 3. Region C where the damage was not expected to occur 3 had the aspect ratio of 8. The mesh structure of the bolt/washer body is shown in Fig. 6 (ii).
Boundary conditions
In order to apply the 3 Nm bolt clamping torque on the composite laminate model the tensile load on the bolt (P t ) was calculated by the following formula [31] ;
where k is an experimentally determined factor (0.2 generally), d is the bolt diameter and T is the applied clamping torque. By solving the Eq. 2 for 3 Nm clamping torque and 6 mm bolt diameter, the tensile load on the bolt was calculated as 2533 N.
A multistep solution was carried out to apply the clamping torque and the incremental loading on the composite laminate model. In the first step a parametrically determined displacement equal to 0.013 mm along the negative Z direction was applied on the surfaces at the mid plane of the bolt shank for simulating the clamping force (~2533 N) on the bolt. In the second step, the incremental displacement was applied on the free edge of the model with a 0.01 mm/substep as determined in Fig. 7 by the preliminary analyses. The outer areas of the bolt/washer assembly were fixed in the X and Y directions. The displacement of the bolt/washer assembly through the Z-axis (through-the-thickness) was set free because of the implemented boltpreload in the first sub-step. The boundary conditions of the second step are shown in Fig 8. 
Progressive damage modelling
In the development of a PDM, a reference layup is generally chosen for verification of the progressive damage inputs. In this study, C-3 layup was chosen as the reference layup since it contains all forms of the observed damage modes. Once, the PDM was verified for the reference layup, later on it implemented to other layups. Following the decision of the reference layup, two progressive damage inputs should be determined by the user; the elastic material property degradation factors and progressive failure initiation criterion. According to the reinforcement construction of the quasi-UD NCF textile including stitching threads and stabilizing fibre bundles, it was assumed that the elements continues to carry some amount of load especially after compressive failure. Therefore, the elastic material degradation factors of Camanho and Matthews [16] listed in Table 7 were selected. These factors were originally introduced by Tan and Perez [32, 33] for open hole compressive loading and were adapted to the bolted joints by Camanho and Matthews [16] .
Maximum stress criterion and Hashin criteria [14] were listed in Table 8 . These two kinds of criteria were compared for the progressive failure initiation as shown in Fig. 9 for the reference layup. Hashin criteria [14] was failed in the strength prediction due to the low shear strength of the current material system. The shear strength component in the fibre tension, matrix tension and matrix compression damage modes of Hashin Criteria were triggered the early failure and the solution converged before the approximate solution. Also, it was reported by Dano et al. [15] , that the large shear stresses occurred at the 45° angle to the loading direction on the load carrying side of the hole and it may lead the Hashin criteria for inaccurate predictions. Maximum stress criterion was better correlated with the experimental data. The discrepancy of the experimental data and the FE prediction was 4.5% for the reference layup and the predicted failure modes were consistent with the experiments.
Therefore, maximum stress criterion was chosen for the damage onset prediction in all layups.
Progressive failure analysis results & discussions
The PFA results are listed and compared with the experimental data in Table 9 .
Comparison of the failure load values obtained by the PDM showed that the strength prediction of cross-ply laminates was successful with a maximum error of In the PFA of the quasi-isotropic layups, the error level was higher especially in Q-1 and Q-3 layups due to the excessive inter-laminar shear stresses occurred. These shear stresses triggered the consecutive failure of elements. The strength predicted by the PDM for Q-1 and Q-3 layups was %16.5 higher and %13.4 lower than the experimental value, respectively.
Another reason for the high deviation was the choice of C-3 as reference lay-up. If the model verification would be conducted for a quasi-isotropic specimen, the deviation resulted at the PFA of the quasi-isotropic specimens would be smaller than the current results.
Even though the tested specimens were not homogenous in the micro-structural level [12] , the composite layers were assumed as homogenous during the modelling stage. Due to this assumption of homogeneity, the PDM were not able to capture the matrix cracks in an individual fibre bundle or between the adjacent bundles. On the other hand, the matrix cracks were detected at the unloaded side of the hole and the transverse matrix cracks of the 90° plies
were not spread as wide as in experiments which was irrelevant in comparison to experiments.
However, a highly damaged zone near the bolt hole at the outer 90° surface layers of C-1, C-2, C-3 and Q-2 layups was captured by the PDM. The red colour depicts that the all predefined failure modes (fibre tensile/compression, matrix tensile/compression) was detected.
This zone is corresponding to the largest bundle separation location as shown in Fig. 11 .
Because of the relatively high error levels in the strength prediction of quasi-isotropic layups, which was between -13.4% and 16.5%, another FE model with an aspect ratio of 4 instead of 3 for the mesh region B was created. The predicted failure modes with the modified mesh were the same as the previous model predictions, which were consistent with the experimental data. The predicted strength deviation was reduced for the new mesh structure especially for Q1 and Q3 layups. Also, in order to observe the influence of the modified mesh on the reference lay-up, an analysis was carried out for the C3 layup as well and the deviation was increased. The results for the initial and modified mesh structures are given together in Table   10 .
Conclusions
Bolted joint strength of quasi-UD NCF composite plates was experimentally and numerically investigated. The mechanical tests were completed according to related ASTM standards [22] [23] [24] [25] . The observed failure modes were consistent with UDPT laminates for the same geometric parameters [26] [27] [28] . However, the strength difference between the cross-ply and quasi-isotropic laminates was lesser than the UDPT laminates. The strength values of the cross-ply specimens were nominally 20% lower than the quasi-isotropic ones. This is worth noting that the implementation of cross-ply layups in practical applications is also possible with the NCF material system.
A PDM was developed and the bolted joint strength of the cross-ply and quasi-isotropic layups were predicted. The maximum stress criterion was chosen for the progressive damage initiation and the material property degradation factors were taken from the study of Camanho and Matthews [16] . The damage modes were correctly simulated. When a standard mesh structure was used for all the layups, the maximum deviation of the strength predictions from the experimental data was resulted as 5.1% and 16.5% for the cross-ply and quasi-isotropic laminates, respectively. It was also demonstrated that the accuracy of the predictions could be Geometry of a bearing test specimen [22] . Table 5 . Laminate configurations and codes of the bearing test specimens.
Cross-ply specimens Quasi-isotropic Specimens Table 8 . Hashin failure criteria [14] and maximum stress criterion. 
